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The science of synthetic fuel production began in the 
seventeenth century. However, large-scale production of 
synthetic fuels started in the early 1900's and, for several 
decades, gas manufactured from coal significantly contributed 
to the U.S. economy. The production of synthetic fuels de-
clined due to increases in the price of coal and discoveries 
of predominantly methane natural gas. 
Today, an extensive network of pipelines is used to trans-
mit and distribute natural gas for industrial and residential 
applications. The decline of natural gas reserves in the 
United States, in conjunction with the availability of very 
large coal reserves, has provided the incentive for develop-
ment of coal gasification plants. Synthetic fuels are expec-
ted to contribute significantly to the supply of energy before 
the end of this century, and coal will be the primary source 
for production of these fuels. 
By many accounts, difficulties in raising the high amount 
of initial capital and future uncertainties with regard to 
fuel and operating costs have made development of synthetic 
fuels economically infeasible. However, as the prices of 
oil and natural gas increase, synthetic fuels production be-
comes a more attractive alternative. The purpose of this 
study is to evaluate the economics of synthetic natural gas with 
the current state of technology and to determine its future role 
as prices of oil and gas increase. 
In this report, a general methodology of production of synthe-
tic natural gas is explained. For the economic analysis, the Lurgi 
Model was selected because it has been the most common model used 
for commercial production of high BTU gases. An extensive analyti-
cal model is described in which inflated capital, fuel, and operat-
ing and maintenance costs were accounted for and the equivalent 
annual cost of cash flows over the project life was calculated. 
The risk analysis was accomplished by applying Monte Carola techni-
ques through a simulation model which handles risks associated with 
various input parameters. SLAM, a FORTRAN-based language, was selec-
ted as the simulation language. Based on the results, all the cost 
elements were evaluated and the sensitivity of the total cost to 
each element was examined. This study was extended to the calcula-
tion of costs associated with the generation of electricity by burn-
ing synthetic natural gas. The results were then compared to the res-
pective costs related to oil-burning power plants. The results show 
that high cost of synthetic high BTU gas makes it difficult to compete 
with natural gas at current prices. Coal feed stocks represent a 
major portion of the total cost of synthetic gases. The cost of capi-
tal, which is a critical factor at the developing stage, constitutes 
a relatively small portion of the total cost over the plant life. A 
similar observation was made for operating and maintenance costs. 
However, the future regulations regarding pollution control could 
have a strong impact on this portion of the cost. For power genera-
tion, oil was found to be far more economical than using synthetic 
natural gas. The computer simulation also revealed that the total 
cost of each alternative is very sensitive to this fuel cost. The 
conclusion of this study points to the fuel costs as the dominant 
factor in the choice of fuel alternatives in the future. 
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During the 1970's, increases in the price of oil followed 
by energy shortages revealed the economic vulnerability of the 
United States to sudden curtailments in energy availability. 
Thus, culminating in Project Independence, the goal of reaching 
greater security in and more control of energy supplies was 
established. In addition, the apparent setback in nuclear en·ergy 
caused by the Three-Mile Island incident put focus on utilizing 
other abundant domestic natural resources. Coal gasification 
and the extraction of liquid fuels from both coal and oil shale 
constitute two of the most promising alternative energy sources 
for the medium term future. Synthetic fuels are expected to 
significantly contribute to energy supplied before the end of 
this century; and with the development of proposed projects, sup-
ported by the government, synthetic fuels will be equivalent to 
two million barrels of oil a day by 1992. 
By many accounts, given the current stage of technology, 
most synthetic fuel plants are not economically attractive. How-
ever, such plants could become more attractive if oil and natural 
gas prices rise significantly, or if regulations forbid certain 
types of industrial installations to use oil and gas. Thepurpose 
of this study is to evaluate the economics of synthetic natural 
2 
gas to fuel plants for electric power generation. It assumes 
the current state of technology and examines SNG's future role 
as prices of oil and natural gas increase. 
In Chapter 2, a brief history of coal gasification and a 
general explanation of the applied process is explained. The 
properties and applications of different types of gas produced 
from the coal gasification process are discussed. The environ-
mental impacts of producing gas from coal is also discussed and 
compared to direct coal combustion. 
Chapter 3 provides a description of the cost and riskanaly-
sis models. All costs during the construction and operational 
periods are identified and probability distributions applied to 
the factors subject to uncertainty are discussed. 
In Chapter 4, the coal gasification process selected for 
this study and the input data for the cost analysis are explained. 
The results of risk analysis are shown in Chapter 5. In 
this chapter, the distributions related to the equivalent annual 
cost of producing synthetic natural gas are shown. Also, the dis--
tributions corresponding to each of the variables subject to un-
certainty are shown and discussed. 
This study is extended to the calculation of costs associated 
with the generation of electricity by burning synthetic natural 
gas. The expected cost of generating electricity by using SNG is 
compared to the expected cost when oil is used and the cost distri-
butions of the two alternatives resulting from risk analysis are 
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compared for the two alternatives. By using the distribution of 
the difference in cost of the two alternatives the probability 
that the SNG power plant is more economical can be determined. 
The cost elements of both alternatives are evaluated and sensiti-
vity of the total costs to the fuel cost is examined. A summary 
and conclusions of the study along withreconunendations for future 
research are discussed in Chapter 6. 
CHAPTER 2 
COAL GASIFICATION AS 
A SYNTHETIC FUEL PROCESS 
Synthetic fuels are expected to significantly contribute 
to the energy supply before the end of this century. Fossil 
fuels which took thousands of years to develop in the earth's 
crust are being exhausted at increasing rates. Of all the fos-
sil fuels, natural gas shows the first sign of approaching 
some shortages. These shortages are overcome by the transfer 
of gases from areas with surpluses to the regions experiencing 
deficits. However, long-run solutions must be sought in substi-
tution and/or supplementation of natural gas. 
Coal is an abundant resource in this country and is con-
sidered the primary fuel for production of synthetic fuels. Con-
version of coal to gas normally involves a controlled partial-
oxidation reaction where the heat required is provided by combus-
tion of the coal itself or by an external heat source. 
Pollution control expenses constitute a substantial portion 
of the total cost of burning fuels. The Clean Air Act of 1977 
tightened regulations for controlling pollutants, especially the 
sulfur oxides, requiring their removal by scrubbers. The cost of 
removing pollutants is less for coal gasification compared to 
direct combustion. It is more expensive to scrub su1fur oxides 
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from the flue gas produced by a coal-fired boiler than it is to 
strip hydrogen sulfide and other sulfur compounds from the fuel 
gas made by a commercial gasification plant. The reduction of 
contaminants to the environment when low BTU gas is produced is 
very significant. In this case, the reduction is estimated to 
be 90 percent in sulfur dioxides, nearly 100 percent in particu-
lates, and a high portion of NO . [l] 
x 
The development of a synthetic fuel industry which is pri-
marily comprised of coal conversion requires large quantities of 
water. This is a critical issue in the West where many coal con-
version plants are likely to be located and water resources are 
already heavily committed. [2] 
Electric utilities have a great deal of interest in medium 
BTU gas production. The gasifiction process would be integrated 
with the new combined cycle plants, which many utilities think 
may be the backbone of their generating system in the future. 
By many accounts, with the current state of technology, most 
synthetic fuel plants are not economically attractive. Raising the 
high amount of initial capital and coping with future uncertainties 
in fuel and operating costs are serious concerns when developing syn-
thetic fuel plants. However, such plants could become more attrac-
tive if oil and gas prices rise sufficiently, or if regulations for-
bid certain types of industrial installations to use oil and gas. 
High BTU gas, a natural gas substitute, could be used to supplement 
and extend natural gas supplies by using the extensive natural gas 
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transmission and distribution systems already in existence. In the 
past twenty years, research and development has been conducted in 
order to devise fuel conversion methods using less costly and more 
environmentally acceptable processes. 
Recently, synthetic fuels legislation has been passed which is 
expected to create great enthusiasm for the creation of domestic 
synthetic fuels industry. This year, a total of $17.5 billion in 
government subsidies has been offered to oil companies for the 
developing of this industry. These companies have made proposals 
for the building of seventeen coal gasification plants, nineteen 
coal liquification plants, fourteen oil shale projects, eightplants 
to produce oil from tar sands, and three plants to produce other 
fuels. It is believed that if all the projects were built, the coun-
try would be able to reach the goal of producing the equivalent of 
two million barrels of oil daily by 1992, about one-third of the cur-
rent volume of imported oil. Assuming $30/barrel, more than $20 bil-
lion would be removed from the balance of payments deficit. [3] 
History of Coal Gasification 
In 1670, Reverend John Clayton, a Yorkshire clergyman, reported 
the generation of a luminous gas when coal was heated in a chemical 
retort. This was the start of the history of coal gasification. A 
century later in 1722, William Murdoch, a Scotsman, obtained a gas 
by distilling coal in an iron retort. 
Larger scale production of synthetic fuels started i n 1910 with 
the invention of the Fischer-Tropsch Process in Germany. This was 
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followed by the invention of several other methods of coal gasifica-
tion. During the first part of the twentieth century, gas manufac-
tured from coal significantly contributed to the U.S. economy. In 
the 1920's, some 20,000 gasifiers supplied energy to both utility and 
industrial plants. In 1933, the gas manufactured for sale by utili-
ties produced 1.82 quadrillion BTUs (quads). This value increased to 
1.99 quads at the start of World War II and peaked at 2.68 quads in 
1949. [l] 
During the 1920's, Welman reactors were used to supply 50 per-
cent of the industrial market with low BTU gas. The decline of coal 
gasification began in 1948. Two major factors contributed to this 
decline: 1) the rise in the price of coal after World War II to a 
level well above that of imported liquid petroleum fuels, and 2) dis-
coveries of predominantly methane natural gas which was readily avail-
able at lower prices. These became widely used substitutes for coal 
gas in many applications. However, today, numerous coal gasification 
models are available and in operation around the world. Some of these 
models are used to produce feedstocks for liquid fuel and ammonia. 
The most common models are Welman-Calusha, Winkler, Koppers-Torek, 
and numerous models of Lurgi. For production of high BTU gas, the 
Lurgi model is the most efficient of all and, today, more than 50units 
of this type are in operation around the world. 
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Description of Coal Gasification Process 
The methods of producing gas from coal are numerous. Some 
common steps are included in most of these methods, depending on 
the properties of the feed coal. 
Step 1: Pretreatment. The caking properties which are 
characteristic in most bituminous coals cause difficulties in 
gasification. These properties are eliminated by a mild oxida-
tion which also results in a loss of heating value in the range 
of 10 to 15 percent of that of the original coal. 
Step 2: Gasification. After the coal is put into the 
gasifier, these steps take place: 
1. Drying and heating. Some water is held in the 
submicroscopic pores of the coal, which is called 
"bound-water.n By raising the temperature to .a 
value above the boiling point of water, this water, 
along with the "free-water" is removed. 
2. Distillation. With heating temperatures below the 
softening temperature of the coal, hydrocarbons, 
water vapor, and other light gases are extracted 
from coal. 
3. Chemical reaction. The most important step in manu-
facturing gas from coal is the conversion of carbon 
oxide s into methane by reaction with hydrogen over a 
catalyst. The following steps occur; 
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a. C(coal) + H20(Steam)~ CO + H2 
b. CO + H20(Steam)----+ H2 + COz 
c. C + 2H2~ CH4 Methanation 
A very high temperature (805° C) qS well as catalysts are 
required for achieving a reasonable production rate. The most 
effective catalysts are nickel and iron. The main difference 
between methods of manufacturing synthetic natural gas (SNG) is 
the type of catalyst used in the methanation process. Several 
by-products are generated in addition to pipeline quality gas. 
These include tar, tardic, naptha, crude phenol, sulfur and 
ammonia, which are all saleable products. 
The process of coal gasification may be categorized in several 
ways. However, it is most commonly done by the product type. 
The following discusses characteristics of the three types of 
synthetic gas that can be produced from coal. 
1. Low BTU Gas 
Low BTU gas contains low quantities of CH4 . It primarily 
consists of CO, H2, and N2 . The heating value range of low gas 
is defined to be 80-250 BTU/standard cubic feet (SCF). Due to the 
low heat value and the cost of transportation,productions,and appli-
cations of this type of gas, it is only economical on the sitewhere 
the production takes place. This fuel, free of sulfur compounds and 
particulates, is environmentally a very ideal fuel. However, it is 
not economically feasible to produce gas from coal just to meet en-
vironmental standards. This type of gas made from coal could be used 
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at commercial installations that require a clean fuel for process 
reasons or at utility plants using combined cycles for generating 
electricity. [2] 
Underground gasification, still in the research stage, pro-
duces low BTU gas. This method of gas production, if proven tobe 
feasible, would solve many problems with the production and utili-
zation of coal. Studies have been conducted in Russia, England, 
and the United States at various times si11ce _ t~1e 193'.J's. ';['he rno r: t 
recent U.S. work was done in field tests at Hanna, Wyoming, and 
3 low BTU gas (175 BTU/Ft ) has been produced. [l] 
2 . Hedi um BTU Gas 
Medium BTU gas is defined as a gas with heat value of range 
300 to 600 BTU/Ft3 • The cost associated with producing this type 
of gas is more than that of the low BTU gas due to the construction 
of an oxygen-producing plant which is required for the process as 
well as a significant increase in the minimum economic size of opera-
tions. The major components of medium BTU gas are CO, H2 , and co2 . 
This type of gas can be utilized for the generation of electricity, 
production of methane, and higher hydrocarbons. 
3. High BTU Gas 
High BTU gas (900-1,000 BTU/Ft3) is a substitute for natural 
gas. The multitude of natural gas applications has created the need 
for this substitute natural gas (SNG). The conversion of home and 
industries from locally produced "town gas" to natural gas resulted 
11 
in this country in the construction of a system including over 260,000 
miles of gas transmission pipelines serving 41 millioncommercial and 
industrial customers. Based on estimates, natural gas supplies one-
fourth of the current energy needs and, in 1980, 20 trillion cubic feet 
of this fuel were burned. [ 1] , [ 4] The· output of plan ts which are loca-
ted at the point of coal production is targeted for national energy 
distribution and could easily be transported by the available pipeline 
system. 
The block diagram of production of SNG is shown in Figure 1. The 
process shown in this figure correlates with the general steps of coal 
















Fig. 1. Generic block diagram of the production of 
substitute natural gas. 
Source: Larry L. Anderson and David A. Tillman, Synthetic 
Fuels from Coal (New York: John Wiley & Sons, 1979), p. 98. 
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Selection of Coal Gasification Model 
The Lurgi Gasifier Model is selected for this study. The 
high BTU gas produced by this model is a proper fuel for genera-
ting of electricity. This model was developed by Lurgi Minerol-
technick Bmgh, of West Germany; and since then, its application 
has expanded in the coal gasification industry. It is the only 
commercially available model which mainly produces a high BTU 
gas as the final product. It also provides other saleable by-
products which substantially add to the revenue. 
Figure 2 shows the -~chematic diagram of the Lurgi Gasifier. 
The block diagram for this type of gasifier is shown in Figure 3 
where the characteristics of the process are illustrated in detail 
(note the similarities to the Figure 1 diagram). 
The gasifier is a water-jacketed vessel with an inside diameter 
of about 12 feet and a height of 25 feet. The pressure in the gasi-
fier is about 450 psi with a temperature of 1150 to 1400°F. Sized 
coal enters from above by lock hoppers. The coal feeds downward 
over a distributor and into the gasifier. As a result, a high BTU 
raw gas is produced, which includes C02, Hz, CH4. Part of this raw 
gas moves to crude gas shift conversion where the Hz/CO ratio opti-
mal for the methanation step is achieved. 
The crude gases are cooled in waste heat boilers which generate 














Fig. 2. Schematic diagr~m of Lurgi gasifier 
Source: U.S. Department of Interior, Federal Energy 
Administration. Task Force Report - Synthetic Fuels from 
Coal: 1974, (Washington, D.C.: U.S. Government ·Printing 





































































































































































































































































































































































































































































































































































































































































Low temperature methanol is used in the Lurgi Rectisol process 
where gas purification takes place. A major portion of H2S and co2 
is removed and the purified gas stream which mainly consists of CO 
and H2 is then passed through the methanation step where the final 
product is formed. 
In designing coal gasification processors, energy efficiency 
is considered as a very important factor. From 10 to 20 percent of 
the coal used in the conversion plant is burned directly to provide 
the steam, heat, and power required for the process. The non-
recoverable heat is in this part of the process. The overall effi-
ciency of the Lurgi process is approximately 68 to 70 percent. 
This is defined as the ratio between the energy in the useful pro-
ducts and the energy contained in the coal, which is actually conver-
ted to the product. 
CHAPTER 3 
COST MODELING AND RISK ANALYSIS 
In this chapter, an analytical model for the evaluation of 
the economic cost of power generation is presented. Since cost 
decisions are not made with perfect foresight, the cost analy-
sis is modified to account for risk inherent in the decision-
making process. 
Cost-Analysis Model 
Figure 4 depicts the analytical model for economic evalua-
tion of power plants. As shown in this figure, the model con-
sists of two phases. In Phase I, the capital costs occurring 
during the construction period are calculated and in Phase II, 
capital cost, depreciation charges and generation costs occurring 
throughout the entire plant service life are computed. Equity 
finance cost, debt finance cost, insurance cost and ad valorem 
taxes constitute the costs incurred during the constructionperiod. 
The costs related to the operational period are classified into 
three categories: capital costs, production costs and depreciation 
costs. Capital costs consist of debt and equity finance costs 
and ad valor em taxes. Production costs include the cost of fuel, 
oper a t ions and maintenance, less the revenues gained from selling 





































































































































































































































































































































































































































































cost. Investment tax credit is received at the end of the construc-
tion period. Tax deductible expenses include debt finance cost, fuel 
cost, and operations and maintenance costs. These costs are combined 
and tax savings are calculated by applying the after-tax cash flow; 
and, finally, the equivalent annual cost of the total costs during the 
construction and operational periods is determined. 
In Figure 5-a, a cash flow model is presented where the horizon-
tal line represents the time as years of construction and operational 
period and all the costs are shown by vertical arrows originating from 
the e~d ~f the year at which they are incurred. All the tax sav-
ings are represented by arrows pointing towards their receiving times. 
For this model it is assumed that all the costs are incurred at 
the end of the year. A mixed financing policy is assumed where com-
mon stocks are sold to provide new equity, if there is not sufficient 
retained earnings to finance the project, and the remaining funds are 
provided by the selling of bonds. 
During the construction period, the needed funds are financed at 
the beginning of each year. Interest on bonds and return on equity 
are paid cumulatively. The insurance cost and Ad valorem tax are also 
paid for the cumulative value of the cost. The interest paid on the 
indebtedness and ad valorem taxes are deductible as business expenses; 
thus, some tax savings are received. Investment tax credit is calcu-
lated by applying the proper tax rate to the total construction cost 
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During the operational period, equal annual payments are made 
for the equity part of the funds. Each of these payments include 
principal repayments and return on equity. Annual interest is paid 
for issued bonds during the operational period, and the principal is 
paid at the end of the period. The fuel cost as well as variable 
O&M costs are functions of plant size, plant utilization, and the 
efficiency of the plant, whereas the fixed O&M cost is only a func-
tion of plant size. An escalation rate is assumed for each of these 
cost items to find their values during the years of operation. The 
insurance cost is constant throughout the plant life, whereas the ad 
valorem tax is paid for the book value of the plant at the end of each 
period. This book value is calculated by subtracting the cumulative 
value of depreciation from the total cost of the plant. (These two 
items are not included in the tax deductions.) 
Figure 5-b shows the steps taken to calculate the equivalent 
annual cost of the project. The starting time for the operational 
period is considered the origin (Time 0) for cost analysis purposes. 
The net after-tax cash values of cost incurred during the construc-
tion years are inflated by a discount factor and accumulated at the 
origin. Similarly, the net after-tax cash flow during the operational 
period are deflated by a discount factor and accumulated at the origin. 
Adding these two cumulative values results in the value of "present 
worth" at the time the plant begins its commercial operation. The 
equivalent annual cost is calculated by applying the defined dis-
count rate to the value of present worth calculated by the above process. 
22 
The effect of inflation can be incorporated in the analysis by 
combining a rate of inflation with the applied discount rate. A 
complete mathematical model for this study is shown in Appendix I. 
The algebraic relationships shown in this appendix closely follows 
the above simplified cash flow model. 
Risk Analysis Model 
"Risk analysis consists of estimating the probability distri-
bution of each factor affecting the investment decision and, then, 
simulating the possible combinations of values for each factor to 
determine the range of possible outcomes and probability associated 
with each possible outcome." [5] 
The first step for accomplishing risk analysis is the identifi-
cation of parameters subject to uncertainty. Then, subjectiveproba-
bility distributions for the parameters are developed. Based on the 
analytical model described in this chapter, a computer program was 
developed in order to find the equivalent annual costs by incorporat-
ing the probabilistic information through Monte Carlo sampling 
techniques. 
By referring to power generation literature and sensitivity 
analysis discussed in later chapters, the factors which significantly 
affect the results of this economic study are identified as: 
Construction cost 
Fuel cost 
Operating and maintenance cost (fixed and variable) 
23 
Fuel escalation rate 
O&M escalation rate 
Other parameters are predefined, or their optimum values are based 
on assumption. 
Developing probability distributions 
To accomplish risk analysis, subjective probability distribu-
tions are developed by applying data gathered from various sources. 
In many studies, normal distribution is commonly used to illustrate 
the estimation results, whereas the actual distributions would likely 
show some skewness. The skewness is observed particularly in the 
distributions of data related to investment projects such as synthe-
tic fuel production. 
The distribution developed for the factors listed above des-
cribe the likelihood of their occurrence. The probability distribu-
tion applied to these parameters is a beta distribution with proper-
ties of "lower bound," "mode," and "upper bound," which are estimated 
by "optimistic," "most likely," and "pessimistic," respectively. The 
standard deviation of beta distribution is (1/6) of the spread be-
tween the lower and upper bounds. Applying beta distribution is a 
very practical approach for incorporating uncertainties in the study. 
Gathering data as optimistic, most likely, and pessimistic is a very 
realistic approach for dealing with various inputs which cover a wide 
range of values. 
24 
Risk Analysis 
In Figure 6, the process used for risk analysis is illustrated. 
This is primarily a simulation process which involves the calculation 
of equivalent annual costs corresponding to randomly selected values 
of the parameters involved. Monte Carlo methods are used to select 
values from probability distributions describing the likelihood of 
occurrence of the parameters. This process is repeated with differ-
ent sets of selected data, and an equivalent annual cost is computed 
for each set. The number of repeats is large enough to result in a 
clear portrayal of the probability distribution for the equivalent 
annual cost. 
Simulation Language 
SLAM (Simulation Language for Alternative Modeling) is used as 
the simulation language in this study. In modeling the system of 
this study, the process orientation of SLAM is most important and 
also unique. The first step of programming is to design a pictorial 
representation of the model called "NETWORK." The entities in the 
system (in this case, different cash flows) flow through the NETWORK 
model for calculation of values of the desired parameters. This pic-
torial representation of system is transcribed into an equivalent 
statement model for input to the SLAM processor. Special characteris-
tics of SLAM facilitate the development of the necessary computer 
codes to test and validate the risk analysis model. The condensed 
NETWORK Model and its explanation in terms of statement listing are 













Factors Subject to 
Risk 
Select-at-Random-
Set of These Factors 
According to Their 
Chances of Occurring 
Determine the 
Equivalent Annual 
Cost for Each 
Set of Factors 
Repeat Process a 
Large Number of Times 
to Give Portrayal of 
Investment Risk 
Equivalent Annual Cost 
Fig. 6. Risk analysis model 
CHAPTER 4 
DESCRIPTION OF SELECTED PROCESS 
AND 
INPUT DATA 
In the previous chapter, the cost analysis model was described 
and factors subject to risk were identified. In this chapter, in-
put data for the cost analysis and the validity of their sources 
are discussed. 
Scope of Evaluation 
Conversion of coal to gas eliminates most of the air pollution 
problems associated with the direct combustion of coal. Distribu-
tion of gas through the existing pipeline system is far more econo-
mical than transportation of coal. To perform a complete environ-
mental/economic evaluation, the capital and operating costs and 
savings due to the environmental advantages of synthetic fuelsmust 
be calculated. With the absence of a full-scale plant, theseevalu-
ations are rather difficult; thus, the estimations reveal a great 
deal of uncertainty. 
The conversion of coal to gas also creates a set of environ-
mental problems, the most serious being water pollution, which is 
more complex chemically than the problem with direct combustion. 
However, the process of high temperature coal gasification produces 
virtually no liquid streams that must be treated. 
27 
The location of synthetic fuel plants is a major factor which 
determines the amount and type of costs associated with the construc-
tion and operation of these plants. Western locations are normally 
preferred, since the coal from these locations has lower sulphur con-
tent resulting in less capital and operating costs associated with 
pollution control. In addition, western coal is currently cheaper. 
On the other hand, the western locations will require plant designs 
that minimize water use, and this will increase the capital cost. 
For this study, New Mexico was selected as the plant site where wes-
tern coal will be processed. The Lurgi Methanation Model was selec-
ted with a plant capacity of 250 x 106Ft3/day, requiring thirty pres-
sure reactors of this type. Assuming a heat value of 1,000 BTU/Ft3 
and a heat rate of 1,000 BTU/KWH for the products, this plant would 
be approximately equivalent to a 1,000 MW plant in terms of capacity 
for the generation of electricity. 
As discussed in the previous chapter, the important factors sub-
ject to risk for cost analysis of synthetic fuels are construction 
cost, fuel cost, O&M cost, and the escalation rates for fuel and O&M 
costs. These factors will be reviewed in the subsequent section. 
All data corresponding to past years were inflated by 7 percent, 
yearly inflation factor, to result in estimations for 1981. 
Plant Construction Cost 
As mentioned before, no full-scale synthetic fuel plants are 
currently in existence. To estimate the cost of building such 
plants, the related cost data for smaller plants was studied. The 
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unpredictability of cost of a new technology and lack of knowledge 
about reductions in unit cost for large size plants results in a 
high degree of uncertainty associated with the capital cost. 
Construction cost is definitely a function of plant size. 
However, the nature of this function is not exactly known. For all 
existing conventional power plants, it has been observed that re-
ductions in unit construction cost are realized as larger plants 
are built. Figure 7 shows the sensitivity of unit capital cost 
($/Megawatt) to the plant size. In this figure, 1,000 MW plant is 
considered as the point of reference since this plant size is most 
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plant capacities, a higher unit capital cost would be incurred. For 
oil and coal power plants, the unit capital cost for a 1,000 MW plant 
is .about 15 percent less t:han the unit capital cost for a 600 MW power 
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plant. Estimates with similar accuracy for synthetic fuel plants 
could only be made after plants of different sizes are built. Pro-
jections made by Gas Research Institute indicate that the unit cost 
of gas from plants producing 50 million cubic feet per day will be 
about 30 percent greater than the cost of gas from a 125 million 
cubic feet per day plant. By doubling the size of the plant to 250 
million cubic feet per day, the unit cost may further be reduced by 
20 to 25 percent. [6] In the computer program developed for this 
study, the economies of scale are accounted for by inflating or de-
flating the unit capital cost accordingly. 
Projection of Fuel Cost 
The cost of fuel is a very dominant factor in the choice of 
future fuel alternatives. This portion of the cost is subject to 
general uncertainty which must be reflected in the probability 
distributions developed for the respective escalation rates. 
Coal conversion efficiency is the ratio between the energy in 
the useful products and the energy contained in the coal which is 
actually converted to the product. This efficiency is highly re-
lated to the applied state of technology, and the fuel cost is in-
versely proportional to its value. Total annual fuel cost is a 
function of plant size, efficiency of the electricity generation 
process (heat rate), plant utilization, and the efficiency of the 
conversion process. As discussed in Chapter 2, caking characteris-
tics of coal must be eliminated before the gasification process. 
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This requires the coal fed to the processor to be refined and sized. 
In this study, the costs incurred by the process are also accounted 
for. 
Operating and Maintenance Cost 
Among all the variables subject to uncertainty, the O&M cost 
bears the highest risk. The future technological advancements, 
especially in the area of pollution control, will have a strong 
role in the determination of these costs. 
O&M costs are categorized into two parts: variable and fixed. 
The fixed portion of O&M cost is only a function of plant size, and 
it reflects costs associated with the maintenance and upkeep of 
plant equipment. Also included is the cost of cleaning the pollu~ 
tion control scrubbers. The variable cost is a function of plant 
size, heat rate, and plant utilization. The costs of all the con-
sumable materials such as limestone and water constitute part of 
the variable O&M cost. As discussed in Chapter 2, several saleable 
by-products are generated from the coal gasification process. The 
revenues gained from these products are assumed to be normally dis-
tributed with a mean of $15 x 106 and standard deviation of $5xl06 . 
The value of these by-products is deducted from O&M costs; thus, 
the tax savings are also affected. 
Projection of Escalation Rates 
As explained in Chapter 3, subjective probability distributions 
for fuel and O&M costs were developed. These distributions which 
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apply to the first year of operation are inflated year by year to 
achieve their respective values throughout the plant life. Lack 
of certainty in assuming an escalation rate during the plant life 
requires developing a probaoility distribution which reflects vari-
ous estimations. The stability of energy markets, discoveries of 
new sources of energy, as well as future technological advancements 
in operating the synthetic fuel plants , are major factors affect-
ing these escalation rates. 
Learning Curve 
"The term 'learning curve' refers to the phenomenon whereby a 
decreasing amount of input is required to accomplish a task each 
time the task is repeated." [7] It is expected that a learning 
curve can be applied to the operating and maintenance costs since 
each year portions of these costs are expected to be reduced from 
the previous year. This partially offsets the O&M escalation rates. 
The effect of learning is most significant in the es.tirnation of the 
plant construction cost. However, this effect is not applicable 
in this study since construction of only one plant is being studied. 
The construction lead time and yearly construction schedule are lis--
ted in Table 1. As explained in Chapter 3, three estimations are 
applied for developing the beta distributions related to parameters 
subject to uncertainty. These estimations are shown in Table 2. 
Other data listed in Table 3 are predefined, and their values do not 
change in the program. 
32 
TABLE 1 
CONSTRUCTION PLANNING FOR SNG PLANT 
Construction Period Portion Constructed 
First Year 10% 
Second Year 12% 
Third Year 52% 
Fourth Year 26% 
SOURCE: U.S. Department of Interior, Federal Energy Admini-
stration, Task Force Report - Synthetic Fuels From Coal: 1974, 
(Washington, D.C.: U.S. Government Printing Office, 1974), p.49. 
TABLE 2 
ESTIMATED PROBABILISTIC VARIABLES FOR SNG PROJECT 
Most 
Prob ab ilis tic Optimistic Likely Pessimistic 
Variables Value Value Value 
Construction Cost ($/KW) 550 650 900 
Fuel Cost ($/106BTU) 1.3 1.6 1. 75 
1981 
Fixed O&M Cost 25 37 45 ($/KW) 1981 
Variable O&M Cost 0.0030 0.0056 0.0065 ($/KW-Hr) 1981 
,. 
Fuel Escalation Rate 0.05 0.07 0.12 
(%/Year) 
O&M Escalation Rate 0.03 0.07 0.09 (%/Year) 
SOURCES: R. Chandra, B. McElmurry, and S. Smelser, Economics 
of Fuel Gas From Coal - An Update, (Palo Alto, CA: Electric Power 
Research Institute, 1978), p. 5. W.L. Lorn and A.F. Williams, Substi-
tute Fuels From Coal, (London: Applied Science Publisher, Ltd., 1976). 
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TABLE 3 
INPUT DATA ESTIMATED WITH CERTAINTY 
IH?UT Data Used 
1. Plant Size (MW) 1000 
2. Plant Life (Year) 25 
3. Depreciation (Xear} 20 
4. Construction Lead Time 4 
5. Plant Load Factor 0.. 70. 
6. Heat Rate (_BTU/KWH) 1000 
7. Investment Tax Credit Rate 0.10 
8. Ad Valorem Tax Rate 0.005 
9. Insurance Rate 0.001 
10. Debt Ratio 0.50 
11. Equity Ratio 0.50 
12. Debt Payment Rate (.Bond Interest 
Rate) 0.09 
13. Equity Return Rate 0.15 
14. Discount Rate 12% 
15. Effective Combined State and 
Federal Taxes .50 
tl6. Plant Salvage Value (% of Initial 
Investment) -0.005 
CHAPTER 5 
ANALYSIS OF THE PRODUCTION OF HIGH BTU GAS 
In this chapter, the simulation results showing the expected 
cost of producing high BTU gas are discussed and these values are 
compared to the current market price of natural gas. The distri-
butions related to each of the variables subject to uncertainty 
are shown, and the values of cost elements and their ratios to 
the total cost are determined. 
Simulation Results 
The results of each simulation run include the probability 
distributions for the six parameters discussed in the previous 
chapter and the total equivalent annual cost. The standard 
deviations corresponding to these distributions indicate the 
degree of risk associated with each. 
Simulation Experimental Design 
In any statistical analysis, having a sufficiently large number 
of observations is required to achieve unbiased results. In this 
study, as the number of Monte Carlo trials is increased, the sampling 
variation is reduced. On the other hand, the cost associated with the 
computer simulation process is proportional to the number of observa-
tions desired. Thus, the number of trials should be determined such 
that the sampling error is _.r::edu~ed to an acceptable level and that it is 
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economically justified. In Table 4, the results of various simula-









EQUIVALENT ANNUAL COST 
SIMULATION RESULTS 
Mean ($) Standard Deviation 
320 x io6 35.70 x 106 
343 x 106 43.20 x 106 
351 x 106 46.30 x 106 
343.8 x 106 47.28 x 106 
354 x 106 47.13 x 106 
($) 
As it is expected, the value of outcome dampens or stabilizes 
as the number of trials is increased. The number of trials at 
which the results become stable appears to be 200. 
Economic Feasibility of SNG 
With $354 x 106 as equivalent annual cost and a daily produc-
tion of 250 x l06Ft3 , the cost of producing substitute natural gas 
is calculated to be $3.88/l,000Ft3 . (Given the heat value of 1,000 
BTU/Ft3 , this also can be stated as $3.88/106BTU.) This value com-
pared to $2 to $3/1,000 Ft3 , the current price of natural gas, makes 
the production of SNG appear economically unattractive. 
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Explanation of Distributions 
Figure 8-a through Figure S-h depict the probability distribu-
tions of construction cost, fuel cost, O&M cost, escalation rates 
for fuel and O&M costs, and the equivalent annual cost. Also shown 
is the probability distribution for the revenues gained from by-
products. In these illustrations, the stars represent a histogram 
with the probability values listed to their left. The "c' s" repre-
sent the cumulative values of probabilities. As expected, the shape 
of these distributions correlate very closely with the parameters 
originally applied to develop the beta distributions. 
Also shown in these figures are values of coefficients of vari-
ation for all parameters. These values are the ratio of standard 
deviation to the respective mean values of each parameter and can be 
considered more realistic risk measures. 
The distribution shown in Figure 8-a was generated by the input 
data estimates of 550, 650, 900 $/KW as optimistic, most likely, and 
pessimistic values, respectively. As expected, this distribution is 
skewed to the left with about 59 percent of the total number of obser-
vations made located to the left of the mean value. Conversely, the 
distributions of fuel and fixed and variable O&M costs are all 
skewed to the right due to the nature of input data. 
For the O&M escalation, 3 percent, 7 percent, and 9 percent were 
assumed as optimistic, most likely, and pessimistic values, respec-
tively. These values result in a distribution which is skewed to the 
left. A symetric distribution is observed for the by-product revenues 
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Evaluation of Cost Elements 
According to the simulation results shown in Table 5, fuel 
cost constitutes 60 percent of the total cost of producing synthetic 
fuels. The construction copt accounts for only 12 percent of the 
total cost. This is a significant observation indicating that the 
problems associated with the capital cost are mainly due to its finan-
cing at the original construction stage rather ·than its magnitude as 
a portion of the overall cost. 
As discovered in Chapter 4, the fixed portion of O&M cost is 
a function of the plant size and covers cost of maintaining the scrub-
bers and other air pollution control devices. This constitutes 13 
percent of the total co~t. The variable O&M cost which also includes 
the .cost of consummable waterials constitutes 15 percent of the total cost. 
TABLE 5 
COST ELEMENTS FOR SYNTHETIC FUEL PLANT 
15% om (Variable) 
13% O&M (Fixed) 
60% Fuel 
12% Construction and Other Costs 
-· 
CHAPTER 6 
ECONOMIC ANALYSIS OF ELECTRICITY 
GENERATION BY USING SNG 
As a clean source of energy, natural gas has been long used 
for direct burning and production of electricity. The passage of 
recent government regulations related to pollution control has 
added to its demand for production of energy. Electricity genera- . 
tion is of particular interest in studying the impact of natural 
6 gas on the energy market. In 1980, of the total 2,285,593 x 10 
kilowatt-hours of electricity produced, 345,914 x 106 kilowatt-
hours were generated by natural gas. [8] 
In this chapter, the expected cost of generating electricity 
by using SNG is compared to the expected cost when using oil, and 
the distributions resulting from risk analysis are compared for 
the two alternatives. Then, the cost elements for each alternative 
and their effects on the total cost are evaluated. 
Scope of Study 
In this study, the cost of 1,000 MW plant is studied where 
substitute natural gas produced from coal is used as the fuel. As 
explained in Chapter 4, the plant size of 1,000 MW requires an SNG 
plant with a capacity of 250 x 106Ft3/day, and the Lurgi Model ex-
plained in Chapter 2 is also applied to this part of the study since 
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the applicability of this model at full commercial scale has been 
proven. Therefore, the data used for evaluation of this process 
can be considered to be reliable and defensible. 
Explanation of the Risk Analysis Model 
In Chapter 3, the cost analysis model for production of high 
BTU gas from coal was explained. The primary advantage of this 
model is that it accounts for uncertainties associated with the 
input parameters by developing probability distributions. Assess-
ing the uncertainties with input parameters carries a higher degree 
of importance when two alternatives are being studied and compared. 
Thus, the expected costs of alternatives can be compared to 
each other for decision making purposes. Similarly, comparing the 
standard deviations shows a measure of the risk involved in select-
ing between the alternatives. In Figure 9, the simulation analysis 
applied for comparing the alternatives is shown. The process evalu-
ated is very similar to that explained in Chapter 3 where probability 
distribution for equivalent annual cost was developed through Monte 
Carlo sampling techniques. For this comparison, the parameters sub-
ject to uncertainty also were identified as construction cost, fuel 
cost, fixed and variable O&M costs, and escalation rates for fuel 
and O&M costs. The revenues gained from by-products were assumed to 
be normally distributed as in the previous chapters. The probability 
distributions of each alternative were found, and the probability dis-

















































































































































































































































































































































































































































































































































































































































were developed. From this probability distribution, the probability 
that alternative I will be less costly than alternative II can be 
determined. 
Explanation of Input Data 
Due to a low level of pollution resulting from burning SNG, the 
costs associated with pollution control equipment are relatively 
small. The SNG and the natural gas power plants are built simultane-
ously, which results in a lower cost compared to building them indivi-
dually. A similar savings would be incurred in O&M costs. 
There are a number of techniques that government could use to 
assist the development of synthetic fuel plants. One effectiveincen-
tive has been providing additional investment tax credit to such energy 
projects. [6] In this study, an investment tax credit rate of 10 per-
cent can be applied to the SNG power plant, whereas five ·percent is 
assumed as the investment tax credit for the oil power plant. 
Table 3 shows all the probabilistic cost values for this project. All 
the data estimated with certainty are the same as those in Tables 1 
and 2 of Chapter 4, except the value of heat rate, which is 9, 500 BTU/ 
Kw.Hr for the oil power plant. 
Simulation Results 
The results of each simulation run include the probability dis-
tribution for the cost of each alternative and, also, the probability 
distribution of the cost difference between generating electricity 
by SNG and by oil. These results are shown in Figure 10. The 
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expected equivalent annual cost of alternative I (SNG) is $460 x 106 , 
which is more than $356 x 106 , the expected equivalent annual cost 
of the second alternative. Also, the standard deviation of the 
first alternative is higher than of the second alternative, indica-
ting that the risk associated with alternative I is higher than 
alternative II. The probability distribution of the cost difference 
indicates that the alternative I would be less costly than alterna-
tive II four percent of the time (the cumulative frequency at this 
point where alternative I minus alternative II equals zero). The 
results clearly show the unfeasibility of production of electricity 
by burning synthetic natural gas. 
TABLE 3 
ESTIMATED PROBABILISTIC VARIABLES FOR SNG PROJECT 
Probabilistic SNG Power Plant Oil Power Plant Most Pessi- Opti- Most Pessi-
Variables Optimistic Likely mis tic mis tic Likely mis tic 
Value Value Value Value Value Value 
Construction 
Cost ($/KW) 1,000 1,300 1,500 490 540 585 
Fuel Cost 
($/106BTU) 1.3 1.6 1. 75 2.4 3.1 3.5 
Fixed O&M Cost 
($/KW) 35 50 57 l • .'55 1.90 2.10 
Variable O&M 
Cost ($/KW.HR) 0.0060 0.0096 O.Oll5 0.0024 0.003 0.0035 
Fuel Escalation 
Rate (%/Yr.) 0.050 0.070 0.12 0.045 0.0725 0.090 
O&M Escalation 
Rate (%/Yr.) 0.030 0.070 0.09 0.06 0.08 0.12 
SOURCE: R. Chandra, B. McElmurry, and S. Smelser, Economics 
of Fuel Gas From Coal - An Update, (Palo Alto, CA:: Electric Power 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Evaluation of cost elements 
Table 7 depicts the value of cost elements as percentages 
of the total cost for both the SNG and oil power plants. Based 
on these results, 68 percent of the total cost of oil power 
plant is used for fuel. The construction costs constitute a 
similar portion of the total cost for both plants (20% and 23%). 
The same observation is made with regard to the variable portion 
of the O&M cost Ci4 percent and 10 percent). However, the fixed 
portion of the O&M cost constitutes only t~o percent of the total 
cost for the oil power plant and 8 percent of the total cost of 
the SNG plant. 
TABLE 7 
























Sensitivity of the Total Cost to the Input Data 
The cost of producing energy is subject to fluctuations due 
to a variety of factors, including national and international fuel 
markets and pollution control regulations. These factors bring ·in-
accuracies to any cost analysis of power generation. However, 
these inaccuracies can be minimized by studying various sources of 
data and incorporating uncertainties into these studies. These 
steps were accomplished in the model developed in this study. 
It is of interest to expand the study to include asensitivity 
analysis where the total cost is calculated for a set of values for 
the input parameters. SLAM provides a great deal of flexibility for 
accomplishing this task since one simulation run can include numer-
ous sets of data with an output reflecting the input data and their 
respective results. 
Effect of fuel cost 
Since the cost of fuel constitutes a high portion of the total 
cost of both SNG and oil plants, differences in the amount of uncer-
tainty associated with escalation in the cost of coal and oil becomes 
very crucial. Coal is an abundant resource and its cost increases 
are relatively predictable; Whereas, increases in oil prices are sub-
ject to a high degree of uncertainty. 
In this section, two situations with regard to the oil prices 
are considered: a) the effect of a general increase, and b) the 
effect of an increase in the level of uncertainty. The scenarios 
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developed and the results are shown in Table 8. The results 
reveal significant information with respect to the economic 
feasibility of synthetic natural gas as the price of oil in-
creases. An increase of one percent in the three estimates 
related to the fuel cost escalation rate resulted in an in-
crease of $356.50 x 106 to $393 x 106 . The economic attractive-
ness of SNG power plants also increased from four percent to 
17.5 percent based 9£ the observed values ~ 
TABLE 8 
SENSITIVITY OF THE RESULTS TO THE PRICE OF OIL 




























In the second part of this scenario, the estimated values 
for the fuel escalation rates were assumed to be 4 percent, 7.25 
percent, and 13 percent as optimistic, most likely, and pessimis-
tic values, respectively. These changes of input parameters re-
fleet an increase in the value as well as the level of uncertainty 
for the future fuel cost. 
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The results show a substantial increase in the standard 
deviation to $81.95 x 106 which is almost twice as large as the 
original value of $42 x 106 • The expected cost also increases 
6 6 to $374.7 x 10 from the original value of $356.5 x 10 . 
The sensitivity analysis can be expanded for various other 
values for fuel cost. The results can be considered as guide-
lines for the evaluation of economic feasibility of synthetic 
fuels and their development in the future. 
CHAPTER 7 
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
Summary and Conclusions 
In this study, the economic feasibility of the production of 
synthetic natural gas (SNG) for both direct use and power genera-
tion was discussed. A general methodology of production of syn-
thetic natural gas was explained and the Lurgi Model, the most 
common technique for the production of high BTU gas, was selected 
for economic analysis. Conversion of coal to gas reduces the pol-
lution problems associated with the direct combustion of coal. 
Also, distribution of gas through the existing pipeline system is 
far more economical than rail transportation of coal. To perform 
a complete environmental/economic evaluation, the capital and 
operating costs and savings due to the environmental advantages 
of synthetic fuels must be calculated. With no assurance of a 
full-scale plant, these evaluations are rather difficult. The 
estimates reveal a great deal of uncertainty, and the analysis 
was primarily based on private costs which were relatively easier 
to measure. Nevertheless, the study does provide a basis on which 
national energy policy can be determined. 
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A risk analysis model was developed to account for the 
uncertainties associated with the estimation of parameters. This 
analysis was based on a comprehensive model where all the private 
cost elements as well as some of the social costs of pollution 
were calculated. SLAM was the computer language used to calculate 
the equivalent annual cost through Monte Carlo sampling techniques. 
The factors subject to uncertainty were identified as construe-
tion cost, fuel cost, O&M cost (fixed and variable), and escalation 
rates for the fuel and O&M costs. For these factors, three estimates 
of "optimistic," "most likely," and "pessimistic" were made. These 
estimates were used in beta distributions to develop the probability 
distributions for these parameters. 
The results of the computer simulation include the distributions 
for all the factors, subject to uncertainty and the equivalent annual 
cost of producing SNG. Also, the distribution of income received from 
saleable by-products is shown. According to the results achieved with 
200 observations in a simulation run, fuel cost constitutes 60 percent 
' of the total cost of producing synthetic natural gas. The construction 
cost accounts for only 12 percent of the total cost, indicating that the 
problems associated with the capital cost are mainly due to its financ-
ing at the original construction stage rather than its magnitude as a 
portion of the overall total cost. The fixed and variable portions of 
O&M cost constitute 13 percent and 15 percent of the total cost, respec-
tively. / 3 f Based on the computer results, $3.88 lOOOFt is the cost o 
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producing SNG. This value compared to $2 to $3/1000Ft3 , the current 
price of natural gas, makes the production of SNG appear economically 
unattractive. 
This study was extended to the calculation of costs associated 
with the generation of electricity by burning synthetic natural gas. 
The results were then compared to the respective costs related to oil 
burning power plants. For power gene.ration, burning oil was found to 
be far more economical than using synthetic natural gas. Fuel cost 
was found to constitute a major portion of the total cost of both oil 
and SNG power plants. Since the oil prices are subject to a high 
degree of uncertainty, the sensitivity of results to the fuel costwas 
examined. The results reveal that small increases in oil prices sub-
stantially increase the economic attractiveness of SNG. The conclu-
sion of this study points to the fuel costs as the dominant factor in 
the choice of alternative techniques in the future. 
Recmmnenda tions 
The approach applied in this study was merely based on cost 
analysis from the point of view of a private investor. The steady 
increase in the prices of imported oil during the past decade, com-
bined with periodic shortages, have revealed the economic vulnera-
bility of this country to sudden curtailments in energy supplies. 
Production of synthetic fuels should be considered as a necessary 
step in reaching the goal of "energy independence" which provides 
external benefits to the nation as a whole rather than internal 
61 
benefits to a private investor. The following statements explain 
several supporting factors for synthetic fuel development: 
1. Developing synthetic fuels could be a major 
factor in reducing the dependence of the United 
States on insecure overseas energy supplies. 
Thus, the current damage to the economy and 
balance of payments due to the current imports 
would be reduced. 
2. Starting synthetic fuel projects is essential 
for developing a broad base of knowledge about 
long-term energy alternatives and reducing the 
uncertainties associated with developing these 
alternatives. 
3. Having the capacity to produce synthetic fuels 
on a commercial scale would inhibit possible 
long-run attempts by foreign producers to raise 
their prices above the estimated cost of synthe-
tic fuels. 
4. Burning synthetic fuel, extracted from coal, 
results in less pollution than direct coal combus-
tion. This also should be considered as a positive 
externality for society. 
62 
To accomplish these goals, government encouragement and 
assistance is needed. If it is perceived that the external bene-
fits of SNG production more than offsets its "private" cost dis-
advantage, then government and business should start working to-
gether and share the enormous risk and capital requirements asso-
ciated with developing synthetic fuels. 
APPENDIX I 
MATHEMATICAL MODELING 
In this appendix a comprehensive mathematical model is 
presented for cost analysis of power generation. [9] 
Phase I Model (Construction Period) 
The costs incurred during the construction period are 
debt interest, equity return, Ad valorem tax, and insurance 
cost. Following are detailed cash flow formulation included 
in the Phase I Model. 
i) Debt Interest 
(1-a) 
n 
Dln = ·(2: Cj)d id 
j=l 




Dln: Debt interest to be paid at the end of 
year n during the construction period. 
N: The total number of years of construction 
Cn: Plant construction cost in year n. 
d: Debt ratio in financing mix. 
id: Debt interest rate. 
ii) Equity Return 
n 
ERu = o: C·) J (i-d) ie (1-b) j=l 








ERn: Equity return to be made at the end of 
year n during the construction period. 
ie: Equity return rate per year. 
Ad valor em tax 
ADVn = 
n = 
n (1-c) (i: Cj) ta 
j=l 
1, 2, . . . 
' 
N 
Ad valorem tax to be paid at the end of 
year n during the construction period. 
Ad valorem tax rate. 
iv) Insurance cost 
n· 
INS = ·(l: Cj)8 n = 1, 2, ••• , N 
j==l 
Insurance cost in year n. 
(1-d) 
8: Insurance rate per year (% of the total 
capital cost). 
v) Before-tax cash flow 
The before-tax cash flow during the construction 
period can be determined by adding i) through iv). 
BTCn = D1n + ERn + ADVn + INSn (1-e) 
66 
vi) Adjustment for tax purpose 
Interest paid on indebtedness is deductible 
as a business expense. This means that a 
project which is financed with borrowed capi-
tal has its taxable income reduced by the 
amount of interest involved. Since the 
equity repayments and insurance payments are 
non-tax deductive expenses, the adjustment 
figure for tax purposes will be 
TDn = BTC ER n n (]_- f) 
vii) Tax savings 
TSn = TDn t 
(Din + ADVn) t (1-g) 
where 
TSn: Tax saving in year n during the construction. 
t: Federal and state combined tax rate for income. 
viii) Invest~ent tax credit 
where 
ITCn = (~ if n = N otherwise 
ITCn: Investment tax credit in year n. 
m: Investment tax credit rate. 
K: The total construction cost 
(1-h) 
67 
viii) After-tax cash flow 
where 
where 
= (1-t) Din+ ER 
n 
+ (1-t) ADVn + INS n 
After-tax cash flows in year n during the 
construction. 
ix) Equivalent construction cost 
From equation 1-i, the total future worth of 
the Phase I Model at the same time the plant 





n = 1 
(1-i) 
Future worth of the project for Phase I. 
i: Discount rate (or cost of capital). 
PHASE II Model (Operational Period) 
The Phase II Hodel consists of the total generation cost and 
the capital recovery costs associated with the initial plant invest-
ment through the entire plant service life. To calculate the 
future fuel cost as well as the operating and maintenance costs, 
68 
costs, it is necessary to determine the corresponding escalation 
rates. Following are the detail cash flow formulations involved 
in the Phase II Model. 
where 
i) Fuel cost 
The fuel cost is a function of plant size, 
thermal conversion efficiency, and plant 
unitilization factor. The fuel cost in 
each year would be calculated by the 
following: 
Fn: Annual fuel cost in yearn ($). 
C: Plant size in KW. 
H: Heat rate at operating conditions 
in BTU/KWH. 
Un: Plant utilization factor in year n. 
(1-k) 
fo: Fuel cost at the starting year ($/106BTU). 
q: Average annual fuel escalation rate. 
ii) Operating and Maintenance costs consist of the 
fixed and variable portions. The fixed O&M cost 
can be expressed as function of the plant size 




of the plant size, plant utilization 
factor, and efficiency of the plant. 
The O&M cost can be written as: 







(C) Of (1 + A)n-l 
0 
Fixed O&M cost in year n ($). 
Of : Fixed O&M cost at the starting 
0 




(l- ,Q, -1) 
year ($/KW) 
of fixed O&M 
OV = (C) (H) (U ) (8760/l06 )oV (1 + S)n-l 
n n o 
(l-,Q,-2) 
ov : Variable O&M cost in year n ($) 
n 
ov : Variable O&M cost at the starting year 
0 
($/106BTU). 
e : Average annual escalation rate of variable 
O&M cost. 
iii) Depreciation Cost 
In computing depreciation deducations, a 
useful life and salvage value for the asset 
must be established. It is possible that the 




from the actual physical life of the asset as 
employed by the firm. Yearly depreciation 
deductions can be calculated by the following 
methods: 
a. Straight line depreciation method 
SLD = K - s 
nd 
SLD: Straight line depreciation 
nd: The depreciable life. 
s: Salvage value 




DB : Declining balance depreciation. 
n 
R: Depreciation factor. 




= (K-S). (n(p.+l}j 2) years digit 
depreciation. 
iv) Debt Finance Repayment 
During the operational period the only 
(1-m) 
(1-n) 
payments for the debt portion of the funds are 
equal annual payments as the interest for the 
issued bonds and the principal of the debt por-
tion is paid bac k at the end of the operational 
per iod. 






Kd+Kd. id If n = T 
T: Plant service life in years. 
DI : Debt finance payment to be make in year n 
n 
during plant service life. 
v) Equity Finance Payment 
The payments for the equity are paid by 
equal annual payments. A portion of this pay-
ment is for interest and can be calculated as: 
ER Kd CA Ip ' i ' T) 
n e 
ER : Equity finance repayment to be made in 
n 
EIP 
year n during the plant service life. 
( Kdi 
e 
ER ) Ci+i ) n + ER (1-p) 
n e n 
EIP: The interest portion of the equity finance 
payment, 
The debt portion of the funds also could be paid back by equal 
annual payment. In this case the interest portion of the payments 
should be calculated by using equation 1-p and be considered as an 
expense for tax purposes, 
where 




(K - ;; D.) t 
j=l J 
ADV : Ad valorem tax to be paid in year n 
n 





D : Depreciation deducted for year n. 
n 
vii) Insurance Cost 
viii) 
INS = (K) 
n 
INS : Insurance cost to be paid in year n 
n 
during the plant service life. 
Salvage Cost (Value) . 
(1-r) 
If ST is defined as the salvage value at the 
end of service life, then the end of year salvage 
as a function of n is given by: 
If, Tn=/=T 
If ,n=T 
s: Salvage rate. 
(1-s) 
xi) Before Tax Cash Flow 
The total cash flow before tax at the end 
of nth year will be calculated by: 
BTC 
c 
F +Of +ov +DI +ER +ADV ~INS -S 
n n n n n n n n 
x) Adjustments for Tax Purposes 
Fuel cost, O&M cost, Ad valorem tax, the 
(1-t) 
interest paid for debt and the depreciation are 
tax deductible. For calculation of the tax deduc-
tible amount, the following expression can be used. 
=tTCn + Dn - ER - INS If n = 1, 2, ,T-1 TD n ...:n 
n 
BTC + D ER - INS + s - Kd If n = T 




TD : Tax deductions in year n 
n 
xi) Tax Savings 
TS TD ,t 
n n 
TS : Tax savings in year n 
n 








Present Worth Equ~valent 
ITC 
n 
The total present worth of the Phase II 
model can be computed by using equation 1-y. 
(1-v) 
(1-w) 
This is the present worth at the time the plant 
begins its commercial operation. 
T 
PW(j)II = r = l (ATC) (1 + i) -n (1-y) 
Annual Equivalent Cost Model 
The cost of the two phases are combined together in order to 
find the annual equivalent cost. 
AE(T,N,i) = FW(i)
1 
+ PW(i) 11 (A/P,T,i) 
where 
AE(T,N,i) The annual equivalent cost .of the 
project. 
The mathematical model developed in this chapter includes all 
the cost elements which constitute the total cost of an investment. 
74 
In order to incorportate explicitly the effect of inflation in the 
analysis, it becomes necessary to use a combined discount rate in 
computing the annual equivalent cost. The combined discount rate 
is simply found by the following relation: 
where 
(1 + i) = (1 + k). (1 + i') 
i combined discount rate 
k the average inflation rate 
i' the rate representing the earning power 
of money with no inflation. 
APPENDIX II 
SLAM NETWORK MODEL AND STATEMENT LISTING 
76 
In this appendix, a condensed network model and the statement 
listing is presented. The explanation of the model is given in terms 
of statement listing. [9] 
Figure 11 depicts the network model applied for the cost analy-
sis of SNG. The methodology of comparing two alternatives explained 
in Chapter 6 is also reflected at the end of this network model. 
Statement listing and the computer printout for cost comparison 
of generation of electricity by burning SNG and oil are also included 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































entities with the equivalent annual cost statistics wait in file 
2 at the LAB2 QUEUE node to be compared with those of alternative I. 
In order to compare the two investment alternatives, a MATCH 
node holds entities in file 1 and file 2 and QUEUE nodes LABl and 
LAB2 until there is an entity in each QUEUE node that has an 
ATTRIBUTE 90 value that is the same. ATTRIBUTE 90 represents the 
mark time of both entities of alternatives I and II and their cre-
ation. This implies that the equivalent annual costs sampled from 
each alternative be compared in terms of their respective common 
sampling period. Once a match occurs, the entity associated with 
alternative I is routed to the COLCT node LAB4 while the entity 
associated with alternative II is routed to the node· CLC 2 where 
statistics are collected on the equivalent annual cost. Following 
the node CLC 2 , both entities arrive at the assign node (statement 
815) where the difference equivalent annual costs is computed by 
:XX(99.) = XX(97) - XX(l9.7). At the completion of the computation of 
the difference in equivalent annual cost, the entity arrives at the 
COLCT node where statistics are collected on the difference in an-
nual equivalent costs. The lTERM' statement then destroys the en-
tity. The above process will repeat until the total number of en-
tities to be processed on a simulation run reaches the number listed 
with TERM statement. The ENDNET statement denotes an end to the 
network description. 
82 
The model can be divided into four major segments. The first 
segment represents the initialization for all the data related to 
alternatives I (SNG) and II (oil} and consists of statements 9 
through 8~. Statements 9 through 14 are initializations for values 
subject to uncertainty related to alternative I where three esti-
mates; "optimistic,'' "most likely," and "pessimistic," are assigned 
to global variables. 
The second segment shows the Monte Carlo sampling process for 
equivalent annual cost for alternative I and consists of statements 
91 through 554. In this segment, the costs during the construction 
and operational period are calculated and combined to give the re-
sult for the total cost for alternative I. The segment starts with 
the "NETWORK" statement, which is the first statement of the net-
work. 
In the first part of this segment, all the data subject to un-
certainty are generated by the program. The following formulae 
show the relationship used for developing the distributions. 
where 
M AS~Ba (Z-a) 
a+ S -
E = A + (B-A) (a+ 1) 
a+S+2 
1 
= 6 (A+B+4M) 
M: The most likely value of the parameter. 
A: The optimistic ·,value of the parameter . 
B: The pessimistic value of the parameter. 
(2-b) 
83 
E: The expected value of the parameter. 
a and~ Parameters used to generative the beta 
distrubution by solving equations (2-a) and 
(2-b) 
The values of a and B were found to be 
a = 
4 (A-M} (A B-2M) , 
2 2 A - B - 2M(A-B) 
B = yM-B) \A-M a 
These values were used in the SLAM statement, beta (a, 
S, 2) where 2 is the random number stream. The value 
d b h · h a+l · f h generate y t e computer is t e q+S+2 port1on o t e 
equation (~-h), which is the mean of beta distribution 
and its value is between 0 and 1. Thus, the value of 
random variable would be: 
E ~ A+(~-A}, Beta(a,S,2) (2-c) 
The fuel cost is calculated by using equation (1-k) of Appendix I. 
Also, the O&M costs are found by applying expressions (1-~~l) and 
(l-i~l) of Appendix I, These costs are for the year when the con-
struction begins and are escalated throughout the construction 
period. In the mathematical modeling explained in Chapter 3, dif-
ferent escalation rates were assumed for the fixed and variable 
portions of the O&M cost. However, based on the gathered data, a 
single escalation rate can be applied to both portions of the O&M 
cost and, in this study, the rate is determined by ATRIB (85). 
84 
The present worth of the construction cost is calculated by 
statements 225 through 336. 
The costs to be incurred during the construction period are 
equity return, debt interest, insurance cost, and Ad valorem tax, 
which are tax deductible items. The tax savings for each year 
are calculated by equation (1-g). The present worth of the cost 
is calculated by multiplying the total construction cost of each 
year by a compound-amount factor to find the equivalent cost at 
the beginning of the operational period. 
Calculation of the costs during the operational p~riod 
from statement 345. The investment tax credit is received at the 
beginning of the operational period, and this is shown in 
statement 346. 
This program is designed to calculate three types of deprecia-
tion. Straight line (ATRIB [31]), Sum of the Year's Digits (ATRIB 
[58]), and declining balance (ATRIB [53]) depreciation are calcula-
ted. Global variable XX (32) is related to straight line deprecia-
tion, and XX (33) and XX (34) correspond to declining line balance 
and sum of the year's digits, respectively. According to the depre-
ciation policy adopted, one (1) is assigned to the respective global 
variable and zero (O) is assigned to the other two global variables. 
Statements 447 through 450 are for selection of the desired deprecia-
tion policy. 
As discussed in Chapter 3, the equity and debt portion of the 
investment could be financed by equal annual payment policy or by 
issuing bonds. This program is designed with the flexibility of 
85 
handling all possible cases of financing the investment. The global 
variables XX(48) and XX(Sl) correspond to equity and debt portion 
of the investment, respectively. According to the financing policy, 
these global variables are initialized at the beginning of the pro-
gram. If the equal annual payment policy is adopted, one (l); and 
if bonds are issued, zero (0) is assigned to the corresponding glo-
bal variables. The interest paid for the debt portion of the in-
vestment is regarded as an expense and is a tax deductible expense, 
If the debt portion is financed by the equal annual payment policy, 
the interest portion of the payment should be calculated according 
to expression. 
This is accomplished in the program by statements 461 through 
467. 
In Appendix I the costs incurred during the operational period 
are discussed in detail. The fuel cost, O&M cost, Ad valorem taxes, 
and the interest paid for the debt are tax deductible expenses. 
These are all added to the depreciation to get the total tax de-
ductible expenses, and then tax savings for each year are determined 
(statements 474 through 481). The total after-tax cash flow during 
the operational period is multiplied by a discount factor to calcu-
late the present worth at the time when the operation starts (state-
ment 49~). Then, all the values for the operation year are accum-
ulated to find the total present worth of the investment. 
The fuel and O&M costs are escalated by using the escalation 
rates which are generated at the earlier part of the program. Thus, 
86 
a single escalation rate is assumed for the whole period of plant 
operation. 
The principal for the totalconstruction cost is paid back at 
the end of the operational period if the funds are financed by is-
suing bonds. Finally, the equivalent annual cost is found by mul-
tiplying the capital recovery factor by ATRIB (50), which is the 
present worth for the total cost during the construction and operat-
ional periods. 
The third segment of the program represents the Monte Carlo 
sampling process for the equivalent annual cost of alternative II, 
which is compared with alternative I, This is identical to the 
above procedure and consists of statements 563 through 804. 
The last segment of the program represents a collection of 
equivalent annual cost statistics for each alternative and compari-
son of the two alternatives. The statements 805 through 815 repre-
sent this operation. The specific explanations are as follows: 
By representing one particular sequence of Monte Carlo sampling 
of cash flow realizations as an entity, these entities are generated 
by the "CREATE'' node (statement 91) and are routed to the "ASSIGN" 
node. The entities with the equivalent annual cost statistics wait 
in file 1 at the LABl QUEUE node to be compared with an entity gen-
erated for alternative II. The identical simulation process is 
done for alternative II and the global variable XX(97) which car-
ries the value of equivalent annual cost for alternative I can be 
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